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This  study  first  reports  the  synthesis  of  the  nanosized  LiVP04F/graphene  composite  (LVPF/G).  The  LVPF/G 
composite  is  prepared  by  a  facile  mechanochemical  approach.  XRD  results  reveal  that  the  prepared 
composite  are  well  crystallized  with  triclinic  LiVP04F.  SEM  and  TEM  images  demonstrate  that  the  LiV- 
P04F  nanoparticles  in  the  composite  are  well  enwrapped  by  graphene.  Used  as  anode  material  for  lithium 
ion  batteries,  the  prepared  LVPF/G  composite  exhibits  greatly  improved  electrochemical  performance. 
Furthermore,  the  electrochemical  properties  the  LVPF/G  composite  depend  heavily  on  the  discharge  cut¬ 
off  potential.  When  the  cut-off  potential  is  altered  to  0.01  V  vs.  Li/Li+,  it  possesses  the  best  electro¬ 
chemical  performance.  Under  such  optimal  charge— discharge  condition  (3—0.01  V  vs.  Li/Li+),  it  shows  an 
initial  charge  capacity  of  287  mAh  g-1  at  0.1  C  rate  (1C  =  310  mA  g-1)  and  shows  no  capacity  fading  after 
100  cycles.  It  also  exhibits  good  rate  capability,  delivering  about  168  mAh  g-1  at  IOC  rate. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium  ion  batteries  (LIBs)  are  the  most  promising 
candidates  for  advanced  clean  energy  storage  devices  because  of 
their  high  energy-storage  density,  long-term  cycle  life  and  ambient 
temperature  operation  [1,2].  As  one  of  the  components  of  LIBs, 
anode  material  play  an  important  role  in  LIBs’  operation.  Carbon 
and  its  related  materials  (especially  graphite)  have  been  used  as 
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main  anodes  for  commercial  LIBs  [3,4].  However,  their  relatively 
poor  cycle  performance  and  rate  capability  limit  their  applications 
in  some  special  conditions.  Furthermore,  the  low  operating  po¬ 
tential  of  lithiated  graphite  (LiCe)  would  cause  the  deposition  of 
dendritic  lithium  on  the  surface  of  anode,  leading  to  safety  con¬ 
cerns  particularly  in  high-power  equipment  [5-7].  These  draw¬ 
backs  of  conventional  carbon  materials  have  driven  the  researchers 
to  develop  the  alternatives  [8,9].  Transitional  metal  oxides  and 
silicon-based  materials  with  high  capacities  have  been  widely 
investigated  to  replace  the  currently  used  anodes  10].  However, 
the  problems  of  high  irreversible  capacity  and  poor  cycle 
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performance  of  these  materials  that  rooted  mainly  in  large  volume 
change  and  low  conductivity,  should  be  solved  before  their  appli¬ 
cation  [11].  Therefore,  it  is  necessary  to  continue  developing  po¬ 
tential  anode  candidates  with  stable  structure,  high  safety,  and 
good  electrochemical  performance. 

LiVP04F  has  been  widely  investigated  as  a  potential  cathode 
material  for  LIBs  operating  at  4.2  V  vs.  Li/Li+  [12-18].  Interestingly, 
the  redox  reaction  of  V3+/V2+  that  occurs  at  1.8  V  vs.  Li/Li+,  makes  it 
possible  to  use  UVPO4F  as  anode  material  19-23].  Recently,  Shu 
and  his  group  have  investigated  the  possibility  of  increasing  the 
capacity  of  UVPO4F  via  lowering  the  discharge  potential  and  the 
V2+/v+  redox  reaction  has  been  discovered  when  the  discharge  cut¬ 
off  potential  was  0  V  vs.  Li/Li+  [6  .  Under  such  low  cut-off  potential, 
the  capacity  of  UVPO4F  could  be  increased  to  about  275  mAh  g-1. 
However,  in  this  literature,  the  UVPO4F  showed  unacceptable  cycle 
performance  and  rate  capability  due  to  some  drawbacks  such  as 
poor  electronic  conductivity  and  slightly  irreversible  structural 
evolution.  Therefore,  it  is  of  great  significance  to  develop  an 
effective  strategy  to  operate  the  LiVP04F  with  high  capacity,  good 
cycle  performance,  as  well  as  superior  rate  capability. 

Graphene  has  become  a  spotlight  in  the  field  of  energy  con¬ 
version  due  to  its  superior  electronic  conductivity,  large  specific 
surface  area,  excellent  structural  flexibility  and  high  surface  to 
volume  ratio  [24,25].  In  this  report,  we  first  introduce  the  synthesis 
of  the  nanosized  LiVPCHF/graphene  composite  (LVPF/G)  by  mech- 
anochemical  approach  and  its  application  as  high-performance 
anode  material  for  LIBs.  Nanosized  particles  are  able  to  provide 
short  pathways  for  Li+  ion  transmission  [11]  and  graphene  can 
enhance  the  conductivity  of  the  composite  [24].  Compared  with 
conventional  two-step  carbon  thermal  reduction  (CTR)  method 
[12]  and  sol-gel  strategy  13,26],  the  mechanochemical  approach  is 
a  more  simple,  facile  and  effective  way  to  synthesize  highly  purified 
products  [16,18,27].  We  expect  this  nanostructured  composite  to 
display  superior  electrochemical  properties  including  cycle  per¬ 
formance  and  rate  capability.  The  discharge  cut-off  potential  is 
altered  to  achieve  better  performance  of  the  prepared  composite. 

2.  Experimental  section 

The  graphene  oxide  was  prepared  by  an  improved  hummers’ 
method  [28].  In  this  study,  the  final  product  was  re-dispersed  into 


the  ethanol.  The  concentration  of  graphene  oxide  in  the  obtained 
solution  is  about  4  mg  mL-1. 

The  LiVPCHF/graphene  composite  (LVPF/G)  by  mechanochem¬ 
ical  approach  [18,29,30].  All  chemicals  were  purchased  from 
Aladdin  reagent  (Shanghai)  co.,  Ltd.  Stoichiometric  vanadium 
pentoxide  (V205,  99.0  wt.%),  ammonium  dihydrogen  phosphate 
(NH4H2PO4,  99.0  wt.%),  lithium  fluoride  (LiF,  98.5  wt.%),  and  20% 
excess  oxalic  acid  (H2C2O4  H2O,  99.5  wt.%)  were  dispersed  into 
50  mL  diluted  graphene  oxide  ethanol  solution.  Then  the  mixture 
reacted  under  ball  milling  (ND6-2L,  0.75  kW)  for  8  h  at  room 
temperature  with  a  revolving  speed  of  250  r  min-1.  After  that,  the 
obtained  slurry  was  dried  overnight  in  the  vacuum  oven  at  90  °C. 
Finally,  the  dried  powers  were  annealed  first  at  300  °C  for  2  h  and 
then  at  700  °C  for  6  h  in  a  tube  furnace  under  argon  atmosphere. 

Samples  without  adding  graphene  and  extra  carbon  (LVPF)  and 
with  the  similar  amount  of  carbon  to  that  in  LVPF/G  (LVPF/C)  were 
prepared  in  the  same  route  for  comparison.  The  LVPF  was  prepared 
by  using  alcohol,  in  place  of  graphene  oxide  ethanol  solution,  as 
dispersing  agent  during  the  ball  milling  process.  The  LVPF/C  was 
synthesized  in  the  similar  method  to  the  preparation  of  LVPF  except 
that  the  conductive  carbon  black  was  added  before  ball  milling 
process.  The  carbon  content  in  LVPF/C  was  controlled  to  near  to  that 
in  LVPF/G. 

The  powder  X-ray  diffraction  (XRD,  Rint-2000,  Rigaku,  Japan) 
using  Cu  Ka  radiation  was  employed  to  identify  the  crystalline 
phase  of  the  prepared  samples.  The  morphologies  of  the  prepared 
samples  were  observed  by  scanning  electron  microscope  (SEM, 
JEOL,  JSM-5612LV)  with  an  accelerating  voltage  of  20  kV,  and  by 
transmission  electron  microscope  (TEM,  Tecnai  G12,  200  kV).  The 
Raman  spectra  of  the  prepared  sample  from  50  to  2000  cm-1  were 
obtained  from  WiTec  Alpha300  system  applying  632.8  nm  laser 
light.  Carbon  content  in  the  samples  was  determined  by  C— S 
analysis  equipment  (Eltar,  Germany). 

The  electrochemical  characterizations  were  evaluated  using 
CR2025  coin-type  cell.  The  working  electrodes  were  prepared  by 
mixing  the  LVPF  powders  with  10  wt.%  acetylene  black  and  10  wt.% 
polyvinylidene  fluoride  in  N-methyl  pyrrolidinone  until  slurry  was 
obtained.  Then,  the  blended  slurry  was  pasted  onto  an  Cu  foil 
current  collector  and  dryed  120  °C  for  12  h.  After  that,  it  was  cut 
into  rounded  pieces  with  an  area  of  1.13  cm2.  The  active  material  on 
each  piece  weighs  about  1.2  mg.  Lithium  foil  was  used  as  counter 


Fig.  1.  (a)  XRD  pattern,  (b)  Raman  spectra,  (c)  SEM  image,  (d)  TEM  image,  (e)  HRTEM  image  and  (f)  FFT  image  of  LVPF/G. 
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Fig.  2.  TEM  images  of  (a)  LVPF  and  (b)  LVPF/C. 


electrode  and  reference  electrode,  a  porous  polypropylene  film  was 
used  as  separator.  The  electrolyte  was  1  mol  L-1  LiPF6  in  EC,  EMC 
and  DMC  (1:1:1  in  volume).  The  assembly  of  the  cells  was  carried 
out  in  a  dry  Ar-filled  glove  box.  Galvanostatic  charge-discharge 
tests  were  carried  out  using  NEWARE  battery  circler,  in  the  voltage 
range  of  3.0-1.0,  3.0-0.5,  3.0-0.01  V  vs.  Li/Li+  at  room  tempera¬ 
ture.  The  electrochemical  impedance  spectroscopy  (EIS)  mea¬ 
surements  were  carried  out  with  a  CEII660D  electrochemical 
analyzer  by  applying  an  AC  voltage  of  5  mV  amplitude  in  the  0.01 
Hz- 100  kHz  frequency  range. 

3.  Results  and  discussion 

Fig.  1(a)  shows  the  XRD  pattern  of  the  prepared  LVPF/G.  All 
peaks  are  indexed  with  that  of  triclinic  UVPO4F  with  the  space 
group  of  P-1.  No  impurity  peak  of  Li3V2(P04)3  is  found.  The  Rietveld 
refinement  of  the  XRD  data  are  performed  with  Program  Maud 
using  the  standard  data  (20808-ICSD)  and  the  refined  cell  param¬ 
eters  are  a  =  0.51760(3)  nm,  b  =  0.53110(3)  nm,  c  =  0.75103(5)  nm, 
a  =  66.809(5)°,  0  =  67.021(5)°,  7  =  81.626(5)°,  which  are  similar  to 


that  in  other  reports  [31,32].  There  is  no  obvious  peak  of  graphite  in 
the  XRD  pattern,  indicating  the  carbon  in  the  prepared  composite  is 
amorphous.  The  carbon  content  in  the  composite  is  determined  to 
be  6.4  wt.%.  Raman  spectra  is  recorded  to  prove  the  existence  of 
reduced  graphene  oxide.  As  seen  in  Fig.  1(b),  two  peaks  are 
observed  at  - 1360  and  ~  1588  cm-1,  which  correspond  to  the  A\g 
mode  of  disordered  carbon  (D-band)  and  the  Raman  active  E2g 
mode  of  the  graphitic  carbon  lattice  vibration  (G-band),  respec¬ 
tively.  The  Jd//g  ratio  of  0.875  reveals  the  existence  of  graphene 
(disordered  graphite)  in  the  composite  33].  Weak  peaks  at  2700- 
3200  cm-1  are  also  observed,  which  can  be  assigned  to  the  char¬ 
acteristic  peaks  of  reduced  graphene  oxide  [34,35].  SEM  image  in 
Fig.  1(c)  shows  that  the  fine  UVPO4F  particles  with  particle  size  of 
about  hundreds  of  nanometers,  are  coexisted  with  graphene  films. 
TEM  and  HRTEM  analyses  are  conducted  for  further  studying  the 
morphology  of  LVPF/G.  In  Fig.  1(d),  it  can  be  clearly  seen  that  the 
LiVP04F  primary  particles  with  dozens  of  nanometers  are  homo¬ 
geneously  distributed  into  the  graphene  frameworks.  HRTEM  im¬ 
age  in  Fig.  1(e)  shows  that  the  crystalline  LiVPCHF,  which  is 
identified  by  the  Fast-Fourier-Transition  (FFT)  in  Fig.  1(f),  is 


Fig.  3.  Initial  discharge-charge  curves  of  LVPF/G  at  0.1C  under  different  discharge  cut-off  potentials  vs.  Li/Li+:  (a)  0.01  V,  (b)  0.5  V,  (c)  1.0  V;  (d)  Cycle  performance  of  LVPF/G  at  0.1C 
at  different  discharge  cut-off  potentials. 
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surrounded  by  an  amorphous  graphene  layer.  Fig.  2  shows  the 
microstructures  of  the  prepared  LVPF  and  LVPF/C.  As  seen  in 
Fig.  2(a),  the  particles  in  LVPF  are  bare  and  no  obvious  coating  is 
observed  on  the  surface  of  the  particles.  Moreover,  the  particle  size 
of  LVPF  is  larger  than  that  of  LVPF/G  due  to  agglomeration.  In 
Fig.  2(b),  the  LiVPC^F  crystals  in  LVPF/C  are  surrounded  loosely  by 
dispersive  carbon  nanoparticles.  The  carbon  contents  of  LVPF  and 
LVPF/C  are  1.1  and  6.7  wt.%,  respectively.  The  carbon  in  LVPF  comes 
from  the  pyrolysis  of  the  excess  oxalic  acid.  Compared  to  mor¬ 
phologies  of  LVPF  and  LVPF/C,  the  architecture  of  the  LVPF/G 
composite  is  preponderant,  which  may  lead  to  greatly  improved  Li+ 
ion  and  electronic  conductivity  of  LVPF/G  and  thus  enhance  the 
electrochemical  performance. 

The  electrochemical  performances  of  LVPF/G  are  investigated  in 
CR2025  cells  at  room  temperature  by  altering  the  discharge  cut-off 
potential.  Fig.  3(a)-(c)  shows  the  initial  discharge-charge  curves  of 
LVPF/G  at  0.1  C  rate  (1C  =  310  mA  g-1)  in  the  potential  range  of  3.0- 
0.01, 3.0— 0.5, 3.0— 1.0  V  vs.  Li/Li+,  respectively.  As  show  in  Fig.  3(a)- 


(c),  the  capacity  of  the  composite  increases  with  decreasing  the 
discharge  cut-off  potential,  which  is  due  to  Li+  further  insertion / 
extraction  into/out  of  Lh+xVPC^F  (0  <  x  <  1)  at  lower  potential  [6]. 
The  graphene  can  also  contribute  to  improving  the  capacity  36]. 
The  initial  specific  charge  capacities  of  the  LVPF/G  at  0.1  C  rate  are 
287, 188, 141  mAh  g^1  under  the  discharge  cut-off  potentials  of  0.01, 
0.5,  1.0  V  vs.  Li/Li+,  with  the  coulombic  efficiencies  of  72.2,  75.2, 
82.9%,  respectively.  When  the  cut-off  potential  is  lowered,  the  cell 
shows  enlarged  initial  irreversible  capacity,  which  is  due  to  the 
formation  of  solid  electrolyte  interface  (SEI)  film  [37-39]  and 
slightly  irreversible  structural  evolution  of  LiVPC^F  [6].  Great  dif¬ 
ference  in  cycling  ability  is  found  in  Fig.  3(d).  As  the  cycling  goes  on, 
the  capacities  decrease  in  the  cells  discharged  to  0.5, 1.0  V,  with  the 
capacity  retentions  of  81.9,  83.6%  after  100  cycles,  respectively.  In 
contrast,  the  cell  at  the  discharge  cut-off  potential  of  0.01  V  shows 
no  capacity  fading  and  even  a  little  increase. 

Fig.  4  shows  the  rate  capability  of  LVPF/G.  It  can  be  seen  in 
Fig.  4(a)  that,  as  the  current  increases  from  0.2  to  IOC,  the  prepared 
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Fig.  5.  Initial  discharge-charge  curves  (inset)  and  cycle  performance  of  (a)  LVPF  and  (b)  LVPF/C,  (c)  rate  capability  of  LVPF  and  LVPF/C. 
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Fig.  6.  Nyquist  plots  of  LVPF/G  in  the  1st  and  100th  cycle  at  the  corresponding  discharge  states:  (a)  0.01  V,  (b)  0.5  V,  (c)  1.0  V  vs.  Li/Li+,  (d)  equivalent  circuit  that  used  to  fit  the  EIS 
data. 


composite  shows  some  degree  of  capacity  fading  from  267  to 
168  mAh  g-1.  More  than  half  capacity  is  maintained  when  the 
current  density  is  enlarged  ten  times.  As  observed  in  Fig.  4(b),  the 
cell  at  0.2C  after  cycling  at  higher  current  densities  shows  almost  no 
obvious  capacity  fading,  indicating  good  capacity  recovery  under 
the  artificially  controlled  unstable  discharge-charge  current 
densities. 

In  order  to  emphasize  the  superior  electrochemical  perfor¬ 
mance  of  LVPF/G,  the  results  of  electrochemical  performance  of 
LVPF  and  LVPF/C  are  presented  in  Fig.  5.  In  Fig.  5(a)  and  (b),  the  LVPF 
and  LVPF/C  deliver  an  initial  discharge  capacity  of  366, 471  mAh  g_1 
and  charge  capacity  of  145,  292  mAh  g-1,  with  low  coulombic  ef¬ 
ficiencies  of  39.6%,  61.9%,  respectively.  After  50  cycles,  the  LVPF  and 
LVPF  can  only  maintain  46.9%  and  50.7%  capacity  retention, 
respectively.  As  can  be  seen  in  Fig.  5(c),  both  samples  show  poor 
rate  capability,  exhibiting  the  capacity  as  low  as  ~10  mAh  g-1 
when  the  charge  current  of  10C  is  applied. 

It  can  be  easily  concluded  that  the  electrochemical  performance 
of  LVPF/G  is  much  better  than  that  of  LVPF  and  LVPF/C.  The  superior 
electrochemical  performance  of  LVPF/G  is  attributed  to  the  ideal 
architecture  of  LiVPC^F  nanoparticles  and  highly-dispersed  gra¬ 
phene  in  the  composite.  On  the  one  hand,  since  the  LiVP04F  par¬ 
ticles  are  nanosized,  they  can  shorten  the  Li+  ion  transmission 
passageways.  On  the  other  hand,  the  graphene  owns  good  elec¬ 
tronic  conductivity  and  is  able  to  provide  conductive  framework  for 


Table  1 

Fitted  Rsf,  Rct  values  of  LVPF/G  in  the  1st  and  100th  cycle  at  the  corresponding 
discharge  states. 


Sample  state 

0.01  v 

0.5  V 

1.0  V 

1st 

2nd 

100th 

1st 

100th 

1st 

100th 

Rsf  (±Q) 

160 

100 

6 

140 

357 

118 

203 

Rct  (±Q) 

64 

41 

51 

88 

611 

69 

1101 

the  composite.  As  a  result,  the  electrochemical  performance 
including  in  cycling  ability  and  rate  capability  of  LVPF/G  is  signifi¬ 
cantly  improved  by  the  enhanced  electron  and  Li+  ion  transmission 
capability  of  the  composite.  Furthermore,  the  graphene  have  been 
proved  to  exhibit  Li+  ion  storage  capacity  up  to  1100  mAh  g  1  [35] 
and  can  improve  the  capacity  of  the  LVPF/G  composite. 

For  further  investigating  the  effect  of  discharge  cut-off  potential 
on  the  electrochemical  performance  of  LVPF/G,  the  electrochemical 
impedance  spectroscopy  (EIS)  is  conducted  in  different  cycle 
number  at  the  corresponding  discharge  states.  The  Nyquist  plots 
(Fig.  6(a)— (c))  are  fitted  with  the  equivalent  circuit  as  show  in 
Fig.  6(d),  and  fitted  results  are  shown  in  Table  1,  respectively.  Two 
semicircles,  which  separately  correspond  to  the  surface-film  (RSf) 
and  charge-transfer  (Rc t)  impedances  [14,40],  are  observed  in  the 
EIS  spectra.  As  seen  in  Fig.  6(a),  when  the  discharge  cut-off  po¬ 
tential  is  0.01  V  vs.  Li/Li+,  the  Rs f  value  decreases  dramatically  while 
the  Rct  value  shows  no  obvious  change  as  the  cycling  goes  on.  In 
contrast,  when  the  discharge  cut-off  potential  is  0.5  (Fig.  6(b))  and 
1.0  V  (Fig.  6(c))  vs.  Li/Li+,  both  the  Rsf  and  Rct  values  are  enlarged 
greatly.  The  difference  in  electrochemical  impedance  reflects  the 
cycling  performance  difference  of  LVPF/G  at  the  different  discharge 
cut-off  potentials,  and  the  LVPF/G  at  the  discharge  cut-off  potential 
of  0.01  V  vs.  Li/Li+  show  decreased  surface-film  resistance  and 
relatively  stable  charge-transfer  resistance,  possibly  leading  to 
much  better  cycling  ability  than  that  at  the  discharge  cut-off  po¬ 
tential  of  0.5  V,  1.0  V  vs.  Li/Li+. 

4.  Conclusions 

The  LiVP04F/graphene  nanocomposite  (LVPF/G)  was  success¬ 
fully  prepared  by  a  facile  mechanochemical  route  using  diluted 
graphene  oxide  ethanol  solution  as  dispersing  agent  for  the  first 
time.  The  nanosized  primary  particles  were  well  coated  by  and 
distributed  in  the  highly-dispersed  graphene,  and  the  aggregations 
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of  UVPO4F  were  also  enwrapped  by  graphene.  The  electrochemical 
performance  of  LVPF/G  anode  depended  heavily  on  the  discharge 
cut-off  potential.  At  the  optimal  charge-discharge  condition  (3.0- 
0.01  V  vs.  Li/Li+),  the  prepared  LVPF/G  composite  exhibited  superior 
electrochemical  performance  including  in  cycling  ability  and  rate 
capability,  which  could  be  attributed  to  the  aforementioned  ideal 
architecture  of  the  composite  that  owned  remarkably  enhanced 
capability  of  Li+  ion  and  electronic  transmission.  The  improvement 
on  electrochemical  performance  provided  the  possibility  to 
develop  UVPO4F  as  a  promising  high-performance  anode  material. 
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